Aims Hypoxia, ischaemia, and exogenous chemicals can induce extracellular and intracellular acidosis, but it is not clear which of these types of acidosis affects endothelial cell function. The synthesis and release of endothelium-derived relaxing factors (EDRFs) are linked to an increase in cytosolic Ca 2þ concentration, and we therefore examined the effects of extracellular and intracellular acidosis on Ca 2þ responses and EDRF production in cultured porcine aortic endothelial cells. Methods and results Cytosolic pH (pH i ) and Ca 2þ were measured using fluorescent dyes, BCECM/AM (pH-indicator) and fura-2/AM (Ca 2þ -indicator), respectively. EDRFs, nitric oxide (NO) and prostaglandin I 2 (PGI 2 ) were assessed using DAF-FM/DA (NO-indicator dye) fluorometry and 6-keto PGF 1a enzyme immunoassay, respectively. HEPES buffers titrated to pH 6.4, 6.9, and 7.4 were used to alter extracellular pH (pH o ), and propionate (20 mmol/L) was applied to cause intracellular acidosis. Extracellular acidosis strongly suppressed bradykinin (BK, 10 nmol/L)-and thapsigargin (TG, 1 mmol/L)-induced Ca 2þ responses by 30 and 23% at pH o 6.9, and by 80 and 97% at pH o 6.4, respectively. During the examinations, there were no significant differences in pH i among the three groups at pH o 7.4, 6.9, and 6.4. Extracellular acidosis also inhibited BK-stimulated PGI 2 production by 55% at pH o 6.9 and by 77% at pH o 6.4, and NO production by 38% at pH o 6.9 and by 91% at pH o 6.4. The suppressive effects of extracellular acidosis on Ca 2þ responses and NO production were reversible. Propionate changed pH i from 7.3 to 6.9, without altering pH o (7.4). Intracellular acidosis had no effect on BK-and TG-induced Ca 2þ responses or NO production. Conclusion These results indicate that extracellular, but not intracellular, acidosis causes endothelial dysfunction by inhibiting store-operated Ca 2þ entry, so helping to clarify the vascular pathophysiology of conditions such as ischaemia, hypoxia, acidosis, and ischaemia-reperfusion.
Introduction
Pathophysiological conditions such as ischaemia, hypoxia, and metabolic acidosis expose endothelial cells to acidotic conditions. However, the mechanisms by which acidotic pH affects endothelial function remain unresolved. The maintenance of vascular homeostasis depends on the activities of endothelium-derived relaxing factors (EDRFs) such as nitric oxide (NO), prostaglandin I 2 (PGI 2 ), and endotheliumderived hyperpolarization factor (EDHF). EDRFs produced by endothelial cells not only control vascular tone, but also have multiple beneficial effects including the modulation of platelet aggregation, the inhibition of leucocyte adhesion, and the control of vascular smooth muscle cell proliferation. [1] [2] [3] The disturbance of EDRF production is therefore associated with various pathophysiological conditions such as vasospasm, thrombosis, and smooth muscle cell proliferation. The production of EDRFs requires an increase in intracellular Ca 2þ in response to physiological stimuli including shear stress and G-protein-coupled receptor agonists such as bradykinin (BK) and histamine. An increase in intracellular Ca 2þ activates endothelial NO synthase (eNOS), which is required for NO production, [1] [2] [3] [4] and phospholipase A 2 for PGI 2 production. [5] [6] [7] [8] The production of EDHF, which has been shown to hyperpolarize and thus relax smooth muscle cells by opening K þ channels, can also be stimulated by an increase in intracellular Ca 2þ . 9 The endothelial Ca 2þ concentration is mainly regulated by store-operated Ca 2þ entry (SOCE) following the depletion of intracellular Ca 2þ stores. 10 However, the signal transduction of SOCE after intracellular Ca 2þ store depletion remains unclear. In this study, we explored the effects of extracellular and intracellular acidification on endothelial SOCE and EDRF production.
Methods

Cell culture
We used primary cultured porcine aortic endothelial cells (PAECs). PAECs were isolated and cultured, as described previously, by gently scraping the intima of the descending part of the porcine aorta. 11 The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996).
Measurement of intracellular Ca 21 concentration in porcine aortic endothelial cells
Intracellular Ca 2þ concentration ([Ca 2þ ] i ) was measured in individual PAECs using the acetoxymethyl ester of fura-2 (fura-2/AM) (Dojindo Kumamoto, Japan), as previously described.
11 The [Ca 2þ ] i levels were shown qualitatively by changes in fluorescence ratio (fluorescence at 340 nm/fluorescence at 380 nm; F340/F380) of fura-2. The minimum and maximum F340/F380 ratios using calcium calibration buffer kit (Invitrogen Carlsbad, CA, USA) and were 0.46 at 0 Ca 2þ and 27.5 at 39 mM Ca 2þ , respectively.
Measurement of divalent cation influx
Fura-2 has a higher affinity for Mn 2þ than for Ca 2þ . Mn 2þ -induced loss of fura-2 fluorescence was used to indicate divalent cation influx into PAECs in the presence of 1 mmol/L thapsigargin (TG). The fluorescence of fura-2-loaded PAECs was measured at the 360 nm wavelength (F360), which was independent of the changes in [Ca 2þ ] i . The rate of Mn 2þ -induced quench (counts/s/min) after addition of Mn 2þ (100 mmol/L) was estimated from the decay of fluorescence by means of least-squares linear regression analysis.
Measurement of intracellular pH
Intracellular pH (pH i ) was measured fluorometrically by a dual-excitation (490 and 450 nm), single-emission (510 nm) ratiometric technique using the pH-sensitive fluorophore 2,7-biscarboxyethyl-5(6)-carboxyfluorescein-acetoxymethylester (BCECF-AM) (Dojindo Kumamoto). Calibration of the fluorescence ratio to pH i was performed using the high [K þ ]-nigericin (Sigma, St Louis, MO, USA) technique. BCECF emission ratio was calibrated by equilibrating the pH i with standard pH buffer solutions containing nigericin 0.01 mmol/L, KCl 130 mmol/L, NaCl 2 20 mmol/L, and HEPES 10 mmol/L at pH 6.4, 6.8, 7.2, 7.6, and 8.0. A calibration curve based on 10 calibration experiments was used to calculate pH i in each experiment.
Measurement of endothelial nitric oxide production
We measured intracellular NO production in PAECs using the pH-insensitive fluorescent dye for NO, 4-amino-5-methylamino-2',7'-difluorofluorescein (DAF-FM/DA) diacetate (Daiichi Pure Chemicals Tokyo, Japan), which emits increased fluorescence after reaction with an active intermediate of NO formed during the spontaneous oxidation of NO to NO 2 2 . 12 PAECs were loaded with 5 mmol/L of DAF-FM/DA for 20 min and then rinsed three times. DAF-FM was excited with 490 nm light and the emitted fluorescence intensities were measured simultaneously at 510 nm. Changes in DAF-FM fluorescence intensities (F) in each experiment were normalized to the level of fluorescence recorded at the beginning of the experiment (F 0 ). BK (100 nmol/L) was applied after 2 min equilibration in each titrated HEPES buffer (pH 7.4, 6.9, and 6.4) or in 20 mmol/L propionate pH 7.4. Experiments were also performed in the presence of the eNOS inhibitor, L-NAME (100 mmol/L, Sigma).
Measurement of endothelial prostaglandin I 2 production
The amount of PGI 2 released from PAECs was measured as the concentration of its stable metabolite, 6-keto-PGF 1a , as described previously. 13 PAECs were preincubated for 2 min in each titrated HEPES buffer (pH 7.4, 6.9, and 6.4). BK (10 nmol/L) was then added, and the incubation was continued for 30 min. The concentrations of 6-keto-PGF 1a in the cell medium were then determined using an enzyme-linked immunoassay, according to the manufacturer's protocol (EIA, Assay Designs, Amersham, UK). The pH of the samples was adjusted to 7.4 before the measurement of 6-keto-PGF 1a, in order to eliminate any effect of pH on the EIA.
Statistics
Data are presented as mean + SD. Statistical analysis was performed by one-way ANOVA followed by multiple comparisons using Bonferroni's protected least-significant difference test. Statistical analysis was performed using Graph Pad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). Statistical significance was assumed at P , 0.05.
Results
3.1 Influence of extracellular pH on store-operated Ca 21 entry stimulated by bradykinin and thapsigargin in porcine aortic endothelial cells When extracellular pH (pH o ) was acidified, pH i was 7.27 + 0.06 (n ¼ 10) at the beginning of experiment and 7.07 + 0.04 after 10 min, as shown in Figure 1A . There were no significant differences in pH i among the three groups at pH o 7.4, 6.9, and 6.4.
We used BK, a receptor agonist, and TG, an irreversible inhibitor of the endoplasmic reticulum Ca 2þ -ATPase, to trigger an increase in [Ca 2þ ] i in PAECs. In the presence of extracellular Ca 2þ , BK (10 nmol/L) caused a rapid increase in F340/F380 of fura-2 from 0.59 + 0.03 (basal) to 4.71 + 0.38 (maximal), which was slowly attenuated (open circles, Figure 1B) . The BK-induced Ca 2þ responses were highly sensitive to changes in pH o , as shown in Figure 1B . Moreover, we confirmed that the suppression of Ca 2þ responses associated with extracellular acidification was rapid and reversible, as shown in Figure 1D -G. The changes in pH o from 7.4 to 6.4 rapidly suppressed BKand TG-induced Ca 2þ responses ( Figure 1D and E), however these Ca 2þ responses in PAECs quickly recovered when the extracellular medium was neutralized from its acidic conditions ( Figure 1F and G).
Both BK-and TG-induced Ca 2þ entry from the extracellular space were provoked via store-operated Ca 2þ channels that are known to act as relatively non-selective divalent cation channels. The precise mechanisms of SOCE, however, continue to be a subject of controversy. We evaluated TG-induced Mn 2þ influx by using the Mn 2þ quench of the fura-2 fluorescence, as demonstrated in Figure 2A . When the 360 nm wavelength of fura-2 fluorescence (F360) was continuously monitored, it became apparent that Mn 2þ (100 mmol/L) caused a substantial reduction in fura-2 fluorescence (quench) during the TG-mediated Ca 2þ responses, with quenching rates of 2264 + 14 counts/s/ min (n ¼ 50), indicating a TG-mediated entry of divalent cations. These quenching rates were calculated from the slope of the decrease in fluorescence, as shown in Figure 2A , and can be compared with the Mn 2þ quenching rate of only 240 + 6 counts/s/min before the addition of 1 mmol/L TG (P , 0.05). This suggests that emptying of the intracellular Ca 2þ store by TG stimulated Mn 2þ entry. Moreover, addition of 1 mmol/L of Ni 2þ markedly reduced the Mn 2þ quenching rate from 2264 + 14 to 219 + 1.6 counts/ s/min (Figure 2A , P , 0.05). These results indicate that the store-operated Ca 2þ channels in endothelial cells are nonselective divalent cation channels, as previously proposed.
We also evaluated these acidification-induced suppressive effects on divalent cation entry. As demonstrated in Figure 2B , TG-induced Mn 2þ influx, expressed as the decline in F360 fluorescence intensity of fura-2 by Mn 2þ quenching, was significantly inhibited by extracellular acidification. The decrease in pH o from 7.4 to 6.9 and 6.4 rapidly attenuated the decline in F360 intensity from 2227 + 8.5 (pH o 7.4) to 290 + 8.3 (pH o 6.9) and 29.9 + 1.1 counts/ s/min (pH o 6.4). These data indicate that the suppressive effect of acidification on endothelial divalent cation entry in response to Ca 2þ store depletion was rapid and reversible.
3. Figure 3A and B). These small and transient Ca 2þ increases indicate Ca 2þ mobilization from Ca 2þ stores. Under Ca 2þ -free conditions with HEPES buffer containing 1 mmol/L of EGTA, the BK-induced Ca 2þ responses were similar at different pH o ; peak F340/F380 ratios at pH o 7.4, 6.9, and 6.4 were 2.78 + 0.48, 3.08 + 0.62, and 3.46 + 0.57 (NS, n ¼ 40), respectively, and the TG-induced responses were 1.04 + 0.08, 1.06 + 0.09, and 1.10 + 0.09 (NS, n ¼ 40), respectively, as shown in Figure 3A and Figure 4D and E. The peak BK-induced F340/F380 ratios were 2.42 + 0.41 and 2.46 + 0.43 (NS, n ¼ 40) in the control and propionate groups, respectively, whereas the peak TG-induced F340/ F380 ratios were 0.93 + 0.05 and 0.92 + 0.06 (NS, n ¼ 40), respectively. These data in the presence and absence of extracellular Ca 2þ indicate that intracellular acidification does not affect Ca 2þ influx from extracellular space as well as Ca 2þ mobilization from intracellular Ca 2þ stores.
Effect of extracellular acidification on nitric oxide production induced by bradykinin in porcine aortic endothelial cells
eNOS, the enzyme required for L-arginine to produce NO, is strictly Ca 2þ -dependent. We therefore tested the effects of extracellular acidification (pH o 6.4 and 6.9) on NO production in PAECs using fluorometry with DAF-FM/DA. To ensure that NO production depended on Ca 2þ influx from the extracellular space, we examined the effect of Ca 2þ -free HEPES buffer containing 1 mmol/L EGTA on the BK-provoked F490/F 0 490 DAF-FM ratio in PAECs. As shown in Figure 5A , BK failed to increase the F490/F 0 490 DAF-FM ratio under extracellular Ca 2þ -free conditions, indicating that NO production stimulated by BK depended on Ca 2þ influx from the extracellular space. Figure 5B represents the effects of extracellular acidification (pH o 6.4 and 6.9) on BK-stimulated NO production in PAECs: NO production was reduced by 38 and 91%, respectively ( Figure 5E ). BK-induced NO production was almost completely blocked at pH o 6.4, but increasing the extracellular pH from 6.4 to 7.4 resulted in rapid recovery of BK-induced NO production ( Figure 5C ). Intracellular acidification with 20 mmol/L propionate, however, had no effect on BK-induced NO production ( Figure 5D ). These results confirmed that extracellular, but not intracellular, acidification reversibly blocked BK-induced NO production, as well as Ca 2þ responses, in PAECs.
We also evaluated the effect of extracellular acidification on TG-stimulated endothelial NO production. TG (1 mM)-induced NO production was significantly suppressed by 88% at pH o 6.9 and almost completely blocked at pH o 6.4, respectively (n ¼ 30).
Effect of extracellular pH on prostaglandin I 2 production induced by bradykinin in porcine aortic endothelial cells
In addition to eNOS, phospholipase A 2 , the rate-limiting enzyme for the liberation of arachidonic acid from phospholipids in the production of PGI 2 , is also 
Ca
2þ -dependent. We tested the effects of extracellular acidification on PGI 2 production in PAECs. PGI 2 production was assessed by measuring its stable metabolite, 6-keto-PGF 1a . As shown in Figure 5F , 10 nmol/L of BK greatly increased the 6-keto-PGF 1a concentration from 2850 + 370 to 13 850 + 2410 fmol/10 6 cells after 30 min. The BK-induced 6-keto-PGF 1a production was inhibited by 55% by extracellular acidification at pH o 6.9 and by 77% at pH o 6.4. There were no differences in 6-keto-PGF 1a levels at different values of pH o without BK.
To examine the effect of extracellular acidification on TG-induced PGI 2 production, we measured 6-keto-PGF 1a production in TG-stimulated endothelial cells. Extracellular acidification, pH o 6.9 and 6.4, significantly suppressed TG (1 mM)-induced 6-keto-PGF 1a production by 17.7 and 73.3%, respectively (n ¼ 30). 
Discussion
The aim of the present study was to investigate the effects of extracellular and intracellular acidosis on endothelial Ca 2þ responses and EDRF production. The main findings were: (1) extracellular acidification suppressed SOCE via non-selective divalent cation channels, but did not affect Ca 2þ mobilization from intracellular Ca 2þ -stores; (2) extracellular acidification disturbed endothelial functions such as NO and PGI 2 production; (3) the inhibitory effects of extracellular acidification on BK-and TG-stimulated Ca 2þ responses and NO production were rapidly reversed by increasing the pH o from an acidotic pH to pH 7.4; and (4) intracellular acidification had no effect on either Ca 2þ responses or EDRF production.
Endothelial cells can be exposed to acidic pH in a variety of pathological conditions, including ischaemia, diabetic ketoacidosis, respiratory failure, uraemia, and in response to some drugs and poisons. responses in PAECs. The results of this study are consistent with the latter report, and studies using fura-2/AM indicated that intracellular acidification did not increase [Ca 2þ ] i . The discrepancy between the results from the former and the current study may be explained by the difference in characteristics of the fluorescent dyes, fura-2 and indo-1; it has been clearly shown that acidification at pH 6.4 had little effect on the fura-2 F340/F380 [Ca 2þ ] i curve, whereas it significantly boosted the 510 nm excitation intensity of indo-1. 16 Under extracellular Ca 2þ -free conditions, extracellular acidification did not affect Ca 2þ mobilization from intracellular Ca 2þ stores caused by BK and TG, which means that extracellular acidification only affected the signal between the depletion of intracellular Ca 2þ stores and the entry of Ca 2þ through the SOCE channels in the plasma membrane in PAECs. Despite extensive research into SOCE, [17] [18] [19] [20] neither the molecular nature of the ion permeation pathway nor its activation mechanism are known. The pathway for Ca 2þ entry has been suggested to be through non-selective divalent cation channels, because agonists such as BK and TG stimulate the influx of divalent cations, including Mn 2þ and Ba 2þ , as well as Ca 2þ . [21] [22] [23] [24] We previously reported that TG enhanced Mn 2þ influx as well as Ca 2þ influx in PAECs. 22, 25 Mn 2þ quenches fura-2 fluorescence and has no endogenous agonist-releasable store sites, and has thus been used as a suitable indicator of divalent cation entry when exciting at the isosbestic wavelength of 360 nm where the fluorescence is independent of [Ca 2þ ] i . In the present study, TG reduced the F360 intensity of fura-2 under conditions including 1 mmol/L Ca 2þ and 100 mmol/L Mn 2þ , suggesting that TG stimulated Mn 2þ entry. Furthermore, Ni 2þ , a divalent cation channel blocker, inhibited Mn 2þ entry in PAECs. The present study showed that extracellular acidification reversibly blocked TG-induced Mn 2þ entry, strongly suggesting that store-operated divalent cation channels were inhibited by extracellular acidification in PAECs.
The extracellular acidification may drive Na þ /H þ -exchanger, change intracellular Na þ concentration, and then drive Na þ /Ca 2þ -exchanger in endothelial cells. Hence, the changes in intracellular Na þ may be involved in the SOCE inhibition by extracellular acidification. However, the data were extracellular acidification did not affect pH i in Figure 1A may explain that the transient exposure of extracellular acidification hardly drives Na þ /H þ -exchanger (NCX). Moreover, we previously reported that sodium-free medium replaced with Li þ did not evoke any Ca 2þ response and failed to inhibit TG-induced SOCE in endothelial cells; 25 therefore, we supposed that the role of Na þ /Ca 2þ exchangers would be slight or negligible in this study.
Maintenance of vascular homeostasis is largely dependent on the activities of EDRFs, including NO, PGI 2 , and EDHF. Production of EDRFs requires Ca 2þ entry, which accounts for most of the increase in intracellular Ca 2þ in response to physiological stimuli, such as shear stress and agonists. Sustained activation of eNOS, the enzyme responsible for the physiological production of NO, also requires Ca 2þ entry. The activity of phospholipase A 2 , and thus PGI 2 production, has also been shown to require Ca 2þ . The observation that acidification inhibits Ca 2þ entry suggests that extracellular acidification could therefore inhibit the production of NO and PGI 2 . Indeed, acidification inhibited both the BK-stimulated increase in cytosolic Ca 2þ concentration and the production of NO and 6-keto-PGF 1a , a stable metabolite of PGI 2 , in PAECs. The inhibitory effects of acidification on Ca 2þ entry and the production of NO and PGI 2 were dependent on the degree of extracellular acidosis. This study demonstrated for the first time that extracellular, but not intracellular, acidification attenuated production of EDRFs, such as NO and PGI 2 , via SOCE inhibition in PAECs.
NO and PGI 2 produced by endothelial cells have multiple beneficial effects, including the modulation of platelet aggregation, 26, 27 the inhibition of leucocyte adhesion, 28 and the control of vascular smooth muscle cell proliferation. 29 Hence, a reduction in NO and PGI 2 production caused by acidification could lead to cardiovascular disease. Sleep apnea syndrome (SAS) is a disease that causes transient acidosis and it has recently been reported that patients with SAS are at high risk of cardiovascular diseases, such as myocardial infarction. [30] [31] [32] In SAS patients, blood pH falls to an acidic pH. 33 A reduction in EDRF production caused by acidification may be one of the mechanisms whereby SAS causes cardiovascular disease.
Because the rise of endothelial Ca 2þ has been shown to cause intercellular gap formation and increase permeability, extracellular acidosis-modified inhibition of endothelial SOCE may contribute to suppressing vascular permeability, which seems to be reasonable to protect the tissues exposed to acidic condition such as ischaemia. On the other hand, recovery from acidic condition like ischaemia-reperfusion may lead to the progression of vascular permeability and the overshoot of blood flow by increases of endothelial Ca 2þ concentration and EDRF production, which may become an underlying mechanism of ischaemia-reperfusion injury.
In the present study, we confirmed that extracellular acidosis caused by changes in the amount of proton suppressed endothelial function. However, when experiments are extended to specific pathophysiological conditions such as respiratory and metabolic acidosis, acidic buffer with bicarbonate or lactate may be preferred.
In conclusion, extracellular, but not intracellular, acidification suppressed production of EDRFs, such as NO and PGI 2 , by inhibiting SOCE through divalent cation channels in PAECs. Agonist-stimulated endothelial [Ca 2þ ] i and NO production quickly responded to changes in extracellular pH. We first demonstrated that extracellular, but not intracellular, acidification could alter endothelial dysfunction by suppressing SOCE. These results further our understanding of the vascular pathophysiology of conditions such as ischaemia, hypoxia, acidosis, and ischaemia-reperfusion.
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